1. Introduction {#sec0005}
===============

Urothelial cancer of the renal pelvis (CRP) is a principal component of the upper tract urothelial carcinomas (UC) with an estimated incidence of 1-4 cases per 100,000 individuals per year \[[@bib0005]\]. CRP is usually more invasive than bladder cancer at diagnosis and is associated with worse prognosis. Almost 70% of CRP is high grade and high stage UC at presentation \[[@bib0010]\]. Till date, the gold standard treatment of CRP is radical nephroureterectomy. However, CRP is known to have a high recurrence rate even after surgery.

The predominant risk factor for CRP is cigarette smoking \[[@bib0015]\]. Cigarette smoke (CS) increases the risk of CRP by three to seven folds, compared to the general population \[[@bib0015]\]. Moreover, smoking-related CRP is associated with disease recurrence and cancer-specific mortality \[[@bib0015]\]. However, the molecular pathogenesis of initiation and progression of CS-related CRP is unknown.

Using a vitamin C-restricted guinea pig model, earlier we had shown that prolonged treatment (intramuscular injection) for 24 weeks with p-benzoquinone (p-BQ) produced carcinoma in situ (CIS) in the renal pelvis, a noninvasive cancer \[[@bib0020]\]. Although p-benzoquinone is not present in CS, it is produced from benzosemiquinone (p-BSQ) of CS by oxidation and disproportionation \[[@bib0020]\]. p-BSQ is present in substantial amounts (100--200 μg) in CS \[[@bib0020]\]. Since, besides p-BSQ, CS is a complex mixture of more than 4000 compounds, including a number of oxidants, toxic chemicals and carcinogens \[[@bib0025],[@bib0030]\]. We therefore investigated the effect of CS exposure to the guinea pigs. We used the guinea pig model because of its similarity with CS-induced pathophysiology of humans, the details of which are given elsewhere \[[@bib0020]\]. Here, we showed that CS exposure produced invasive tumor (pT1) that has penetrated the basement membrane to invade the lamina propria in the renal pelvis. pT1 usually progresses to more invasive muscularis propria (pT2) and renal parenchyma (pT3) \[[@bib0035]\].

Most case-control studies have found an inverse association between dietary vitamin C intake and cancers of the lung, breast, colon or rectum, stomach, oral cavity, larynx or pharynx, and esophagus \[[@bib0040], [@bib0045], [@bib0050], [@bib0055]\]. Here, we also showed that the development of CS-induced pT1 tumor in the renal pelvis was prevented by prior oral supplementation of vitamin C (30 mg/kg guinea pig/day).

2. Materials and methods {#sec0010}
========================

2.1. Exposure of Guinea pigs to CS {#sec0015}
----------------------------------

All animal experiments were approved by the Institutional Animal Ethics Committee, University of Calcutta and were in strict conformity with NIH guidelines. Dunkin Hartley albino purebred male guinea pigs weighing 450--550 g were divided into the following weight-matched experimental groups (n = 18 for each group). (i) CS-exposed vitamin C-restricted group, given oral supplementation of 1 mg vitamin C/ animal /day; (ii) CS-exposed vitamin C-sufficient group, given oral supplementation of 30 mg vitamin C/kg body weight of animal/day; (iii) sham control exposed to air instead of CS and fed 1 mg vitamin C/animal/day. We did not include another group of sham control air-exposed animals fed 30 mg vitamin C in our study, because previous reports had shown that there was practically no difference between the air exposed and 30 mg vitamin C-fed animals \[[@bib0060]\]. Earlier we had shown that 30 mg vitamin C/kg body weight of animal/day prevented cigarette smoke-induced protein damage; 10 mg or 20 mg vitamin C/kg body weight of animal/day was insufficient to prevent cigarette smoke-induced damage \[[@bib0065], [@bib0070], [@bib0075]\]. The dosage of 30 mg vitamin C/kg body weight of animal/day vitamin C is ≈ 2 g vitamin C/adult human/day \[[@bib0060]\]. The guinea pigs were subjected to cigarette smoke exposure from 5 Kentucky Research cigarettes 3R4F (2 puffs per cigarette)/animal/day (6 days/week) in a smoke chamber, as described before, The details of smoke chamber and the duration of cigarette smoke exposure were described previously in details \[[@bib0070],[@bib0080]\]. In brief, the smoke chamber was similar to that of a 2.5 L vacuum desiccator with an open tube at the top and a side tube fitted with a stopcock. The side tube was fitted with a pump through a cotton filter. The cigarette placed at the top was lit and CS was sucked into the chamber containing the guinea pig by applying a mild suction of 4 cm water through the side tube for 5 s. Thereafter, the vacuum was turned off and the guinea pig was subjected to whole body exposure to the accumulated smoke for 40 s. Two puffs were given per cigarette, allowing the animal to breathe air between each puff. The gap between one cigarette and the next was 1 h. Sham controls were subjected to air exposure instead of CS ([Fig. 1](#fig0005){ref-type="fig"}).After treatment, the guinea pigs were euthanized under deep anesthesia using i.p. injection of ketamine hydrochloride (100 mg/kg body weight), tissues were collected and some portions were fixed in formalin and the other portions frozen at -80 °C for further experiments.Fig. 1The smoker chamber used to expose guinea pigs to cigarette smoke. 1. The vacuum pump, 2. Pressure gauge, 3. Filter (to trap tar), 4. The vacuum desiccator that acts as the smoke chamber, 5. Cigarette holder containing the cigarette.Fig. 1

2.2. Tissue preparation and histological analysis {#sec0020}
-------------------------------------------------

Both the left and right kidneys were surgically excised, fixed in formalin and stained with Hematoxylin and Eosin (H&E) (Sigma-Aldrich) by standard protocol. At least three sections per animal were analyzed for histopathology by a pathologist. The details of animals analyzed at each time point is given in [Table 1](#tbl0005){ref-type="table"}.Table 1Table indicating number of animals analysed at each experimental time points.Table 1Group2 weeks4 weeks6 weeks8 weeks18 weeksSham control (air-exposed fed 1 mg vitamin C/animal/day)33336Vitamin C restricted (CS exposed fed 1 mg vitamin C/animal/day)33336Vitamin C sufficient (CS exposed fed30 mg vitamin C/animal/day)33336

2.3. Tissue lysate preparation {#sec0025}
------------------------------

Thin layers of renal pelvis were cut out using a dissection microscope and the dissected tissue samples were lysed in buffer as described before \[[@bib0060]\].

2.4. Protein oxidation {#sec0030}
----------------------

Protein oxidation was measured as described earlier \[[@bib0060]\].

2.5. Immunoblotting {#sec0035}
-------------------

Renal pelvis tissue lysate (30 μg protein) was separated by SDS--PAGE and transferred to Immun-Blott PVDF membrane (GE Healthcare). The membrane was blocked in 5% skim milkin TBS for 1 h and then incubated with primary antibody (1:1000) dilutions of phospho p53(Cell Signalling Technologies; CST\#2527 overnight at 4 °C), Bax(CST\#2774 overnight at 4 °C), Bcl-2(CST\#2872 overnight at 4 °C), caspase 3(CST\#9662 overnight at 4 °C), cleaved caspase 3(CST\#9661 overnight at 4 °C), erk1/2(CST\#4695 overnight at 4 °C), phospho-erk1/2(CST\#4370 overnight at 4 °C), c-Myc (CST\#13987 overnight at 4 °C), p21 waf1/cip1(CST\#2947 for 5 h at 37 °C), cyclin D1(CST\#2987 for 5 h at 37 °C), phospho pRb (807/811)(CST\#8516 overnight at 4 °C), anti-GTPase Hras(1:3000 dilution) (Abcam\#ab201054 overnight at 4 °C). cyclin E2 (1:2000 dilution) (Abcam \#ab32103 overnight at 4 °C). GAPDH (1:3000)(Biobharati, India overnight at 4 °C) was used as a loading control. After washing three times with TBS-T (20 mM Tris, 500 mM NaCl, 0.1% Tween-20, pH 7.5), the membrane was incubated with the goat anti-rabbit/mouse HRP-conjugated secondary antibody(Genei, Bangalore (1:3000 dilution) (for 1 h at room temperature. The membrane was further washed with TBS-T and developed with Lumiglo reagent (CST).

2.6. Immunoprecipitation {#sec0040}
------------------------

Two mg of protein A sepharose beads (GE Healthcare) were coated with anti-EGFR antibody (Abcam\#ab131498) (1:100) in phosphate buffered saline (PBS) at room temperature for 4 h. Renal pelvis lysate (300 μg protein) was added to the beads and incubated overnight at 4 °C. Immunoprecipitates were washed with PBS containing 0.2% Triton X-100 and subjected to immunoblotting using 1:1000 dilution of primary anti-PY20(Abcam\# ab10321 for 4 h at 37 °C), anti-phospho-Tyr845(CST\#6963overnight at 4 °C), anti-phospho-Tyr 1045(CST\#2237 overnight at 4 °C), anti-phospho-Tyr1068(CST\#3777 overnight at 4 °C), anti-phospho-Tyr 1173(CST\#440 overnight at 4 °C 7), anti-c-Cbl(CST\#2747 overnight at 4 °C) and anti-ubiquitin antibody(CST\#3933 overnight at 4 °C) After washing three times with TBS-T (20 mM Tris, 500 mM NaCl, 0.1% Tween-20, pH 7.5), the membrane was incubated with the goat anti-rabbit/mouse HRP-conjugated secondary antibody (Genei, Bangalore (1:3000 dilution) (for 1 h at room temperature). The membrane was further washed with TBS-T and developed with Lumiglo reagent (CST).

2.7. Immunohistochemistry {#sec0045}
-------------------------

Five μm thick tissue sections were cut, deparaffinized in xylene and hydrated with graded alcohol following standard protocol. The sections were blocked with 3% hydrogen peroxide to quench endogenous peroxidase and subjected to heat-induced epitope retrieval in 10 mmol/L citrate buffer (pH 6.0) for 15 min in a pressure cooker. Sections were blocked using 10% rabbit serum followed by incubation with monoclonal or polyclonal primary antibody. Negative control sections were treated with just rabbit serum. Primary antibody dilutions (1: 100) and treatments were as follows: Ki-67(Abcam\# ab15580), overnight at 4 °C; p53 (CST\#2527), overnight at 4 °C, Cytokeratin 20 (Abcam\# ab76126), 1 h at room temperature; CD44 (Abcam\# ab157107), 1 h at room temperature, Cyclin E2 (Abcam\# ab32103), overnight at 4 °C, followed by treatment with HRP conjugated secondary antibody for 1 h at room temperature.Images were acquired using digital Digieye 330/210 camera. Ki-67-positive and p53-positive cell counts were measured from ten images per section per animal using Dewinter Biowizard 4.1 imaging software and represented as %±SD. The sections were blinded to the histopathologist in order to reduce study bias.

2.8. Quantitation of immunofluorescence and immunoblots {#sec0050}
-------------------------------------------------------

Quantitation of immunofluorescence and immunoblots were done using NIH Image J software.

2.9. Statistical analysis {#sec0055}
-------------------------

Statistical analysis was performed using one-way ANOVA and Fisher's t-tests. P values were calculated using appropriate F statistics for ANOVAs and t statistics for t-tests. P \< 0.05 was considered to be significant. The statistical analyses were performed using MINITAB software.

3. Results and discussion {#sec0060}
=========================

3.1. Suppression of CS-induced oxidative protein damage and apoptosis is followed by hyperplasia: prevention by vitamin C {#sec0065}
-------------------------------------------------------------------------------------------------------------------------

Like that reported before with p-BQ treatment \[[@bib0020]\], we observed that CS exposure caused significant (p \< 0.001) protein oxidation and apoptosis (p \< 0.001) in the renal pelvis up to 4 weeks of exposure ([Fig. 2](#fig0010){ref-type="fig"}). Protein oxidation was evidenced by an increase in protein carbonyl formation after 4 weeks compared to sham control and vitamin C-sufficient animals (p \< 0.005)([Fig. 1](#fig0005){ref-type="fig"}A, B). Apoptosis was evidenced by significant up-regulation of pro-apoptotic markers such as phospho-p53 (p \< 0.005), Bax/Bcl-2 ratio (p \< 0.005) and cleaved caspase 3 (p \< 0.005)([Fig. 1](#fig0005){ref-type="fig"}C, D). However, on prolonging CS-exposure up to 8 weeks, both protein oxidation and apoptosis subsided. This was accompanied by hyperplasia ([Fig. 2](#fig0010){ref-type="fig"}E) as revealed by markedly thickened mucosa with an increase in the number of cell layers without apparent change in the cytology of cells ([Fig. 2](#fig0010){ref-type="fig"}E). No such changes were observed in either the sham control or the vitamin C-supplemented guinea pig.Fig. 2Cigarette smoke (CS) induces oxidative protein damage and apoptosis that is followed by hyperplasia in the renal pelvis of guinea pigs. (A) Oxyblot depicting time-dependant increase in protein oxidation by CS exposure to guinea pigs. Bottom panel, cropped Ponceau stained blot used as loading control. (B) Quantitation of the protein carbonyl formation after time-dependant CS exposure (n = 3). (C) Immunoblots showing activation of p53 (formation of phospho--p53), expression of B-cell Lymphoma 2 (Bcl-2), overexpression of Bcl2 associated X protein (Bax), expression of caspase 3(c3) and cleaved caspase 3(cc3) after time-dependant CS exposure. (D) Quantitation of the apoptotic protein expression level after 2, 4, 6 and 8 weeks of CS exposure (n = 3). (E) Hematoxylin and Eosin stained sections of the renal pelvis depicting CS-induced hyperplasia. Upper and lower panel show image of 10X and 40X magnification respectively, of the same field (upper panel scale bar = 100 μm and lower panel scale bar = 25 μm). CT, white bars: sham control; CS-vitC, black bars: CS-exposed vitamin C-restricted animals; CS + vit C, gray bars: CS-exposed vitamin C-sufficient animals. Data were statistically analyzed by one-way ANOVA. Significant differences (\*P ≤ 0.05, \*\*P ≤ 0.005) were observed in comparison to sham control and vitamin C-sufficient animals. Data are represented as means ± SD (n = 3) of three independent experiments done under similar conditions.Fig. 2

It is well known that CS-induced oxidative damage leads to a plethora of diseases \[[@bib0085], [@bib0090], [@bib0095]\]. We have observed that the primary trigger for CS-induced pathophysiology is oxidative damage \[[@bib0065], [@bib0070], [@bib0075]\]. It is also known that oxidative damage plays a pivotal role in apoptosis. Cells that evade apoptosis emit persistent signaling resulting in overgrowth that is likely to contribute to the formation of cancer \[[@bib0100],[@bib0105]\]. Suppression of apoptosis and persistent proliferation are hallmarks of most types of cancer \[[@bib0110]\]. Moreover, deregulated cell proliferation and suppressed cell death together provide the underlying platform for neoplastic progression \[[@bib0115]\].

3.2. CS-induced pT1 formation as revealed by histology and immunohistochemistry of p53, CD44, CK20, and Ki6 {#sec0070}
-----------------------------------------------------------------------------------------------------------

### 3.2.1. Histology {#sec0075}

After continuation of CS exposure for 18 weeks, the animals showed signs of cachexia. At that time point we observed cancerous lesions in the renal pelvis in four out of six vitamin C-restricted animals ([Fig. 3](#fig0015){ref-type="fig"}). H&E staining showed neoplastic cells as indicated by altered nucleus: cytoplasmic ratio, loss of polarity of cells, and lack of cytoplasmic clearing after 18 weeks of CS exposure. These cells had infiltrated the lamina propria, the subepithelial connective tissue, indicating pathological staging pT1 ([Fig. 3](#fig0015){ref-type="fig"}A). On the other hand, animals showing flat urothelial hyperplasia after 8 weeks of CS exposure did not exhibit any abnormal cytology and showed sequential maturation from base to surface ([Fig. 3](#fig0015){ref-type="fig"}A). The sham control and vitamin C-sufficient animals did not show any cancerous lesion.Fig. 3Prolonged CS exposure led to cancer of the renal pelvis. (A) Panel showing H&E stained representative section of CS exposure after 8 and 18 weeks that caused hyperplasia and pT1 tumor in the renal urothelium respectively of vitamin C-restricted animals. (Bi) Panel showing p53 stained representative section of CS exposure after 8 and 18 weeks. (Bii) Panel showing CD44 stained representative section of CS exposure after 8 and 18 weeks. (Biii) Panel showing CK20 stained representative section of CS exposure after 8 and 18 weeks. (Biv) Panel showing Ki67 stained representative section of CS exposure after 8 and 18 weeks. CT, sham control; CS-vitC, CS-exposed vitamin C-restricted animals; CS + vit C, CS-exposed vitamin C-sufficient animals (10 fields, n = 3 for 8 weeks of CS-exposure, n = 4 for 18 weeks of CS exposure. 40X magnification (scale bar = 25 μm).Fig. 3

### 3.2.2. Immunohistochemistry of p53, CD44, CK20, and Ki67 {#sec0080}

Immunohistochemical studies have been useful in the staging of neoplastic lesions. p53, CD44, CK20, and Ki67 are four protein markers whose immunoreactivity plays potential role in distinguishing neoplasia from non-neoplastic urothelium \[[@bib0120], [@bib0125], [@bib0130], [@bib0135]\]. p53 has a short half-life and usually, nuclear staining of p53 is practically absent in normal urothelium but present in many urothelial cancer \[[@bib0140],[@bib0145]\].

We observed that positive nuclear staining for p53 was absent in sham control, vitamin C-sufficient animals, and hyperplastic urothelium after 8 weeks of CS exposure in vitamin C-restricted animals ([Fig. 3](#fig0015){ref-type="fig"}Bi). However, there was marked immunoexpression of p53 in 43% ± 5.28 SD cells at the pT1 stage after 18 weeks of CS exposure ([Fig. 3](#fig0015){ref-type="fig"}Bi). Increased nuclear accumulation of p53 protein indicates mutations of the TP53 gene, which is a common event in the development of urothelial invasive neoplasms and is associated with higher tumor grade, more advanced stage, frequent tumor recurrences and worse prognosis \[[@bib0130],[@bib0150]\]. Although we detected p53 protein accumulation in pT1 tumor, there was no accumulation of p53 up to the stage of hyperplasia after 8 weeks of CS exposure. This would indicate that p53 gene mutation was not the initial event in CS-induced CRP. CD44, a transmembrane glycoprotein, plays a key role in cell-cell and cell matrix adhesion. It is usually limited to the basal cells in normal urothelium, but absent in tumor \[[@bib0120],[@bib0135]\]. We observed that while CD44 immunopositivity was restricted to the basal cells in sham control, vitamin C-sufficient, and hyperplastic urothelium after 8 weeks of CS-exposure ([Fig. 3](#fig0015){ref-type="fig"}Bii), it was absent in pT1 urothelium ([Fig. 3](#fig0015){ref-type="fig"}Bii).

Similarly, CK20 is reported to be present only in the umbrella/superficial cells of the normal epithelium \[27\]. We observed that while CK20 was present in umbrella cells of sham control, vitamin C-sufficient animals, and hyperplastic urothelium after 8 weeks CS exposure ([Fig. 3](#fig0015){ref-type="fig"}Biii), it was present in full thickness of the neoplastic urothelium after 18 weeks of CS exposure ([Fig. 3](#fig0015){ref-type="fig"}Biii). Immunopositivity of both CD44 and CK20 helps in predicting patient outcome in urothelial pT1 neoplasms \[[@bib0120],[@bib0135]\].

Additionally, the proliferation marker Ki67 has been reported to be overexpressed in pT1 tumors \[[@bib0125]\]. Here, we showed that compared to negative staining for Ki67 in sham control and vitamin C-sufficient animals, the nuclear positivity of Ki67 is 54% ± 7.72 SD in pT1 urothelium ([Fig. 3](#fig0015){ref-type="fig"}Biv). Hyperplastic urothelium of 8 weeks CS-exposed animals showed \< 3% nuclear positivity for Ki67 ([Fig. 3](#fig0015){ref-type="fig"}Biv).

3.3. CS-induced persistent proliferation through aberrant activation/phosphorylation of EGFR: prevention by vitamin C {#sec0085}
---------------------------------------------------------------------------------------------------------------------

EGFR activation/phosphorylation and its downstream signaling are involved in the development of cancer \[[@bib0155], [@bib0160], [@bib0165]\]. Previously we and others had shown that CS causes aberrant EGFR activation in cultured human lung cells \[[@bib0170]\]. Immunoblot of EGFR immunoprecipitate with anti PY20 antibody measures the total phosphorylation of the tyrosine residues. Here, we showed increased overall phosphorylation of PY20 after 18 weeks, compared to 8 weeks of CS exposure (p = 0.007) ([Fig. 4](#fig0020){ref-type="fig"}A, B). We also showed that compared to both sham control and vitamin C-sufficient animals there was a significant increase in phosphorylation of Y845 after 8weeks (p \< 0.005) and 18 weeks (p \< 0.005) of CS exposure ([Fig. 4](#fig0020){ref-type="fig"}A, B). Phosphorylation of Y1068 acts as the docking site for adaptor protein Grb2 that helps in downstream activation of Ras and Ras/Raf/MAPK (Erk1/2) pathway. We observed that after CS-exposure for 8 weeks, there was no significant increase in the phosphorylation of Y1068 (p \> 0.1). On the other hand, after 18 weeks of CS exposure Y1068 increased significantly (p = 0.014) ([Fig. 4](#fig0020){ref-type="fig"}A, B). There was no significant change in the phosphorylation of Y1173 (p \> 0.1) after CS exposure for 18 weeks that produced stage pT1 of CRP ([Fig. 4](#fig0020){ref-type="fig"}A, B). Phosphorylation of Y1045 is the docking site for c-cbl which in return recruits ubiquitin for subsequent ubiquitination leading to EGFR degradation that is essential for signal regulation \[[@bib0160]\]. Here, we showed that although there was no significant change in the phosphorylation of Y1045 (p \> 0.1) after 8 weeks of CS exposure, phosphorylation of Y1045 markedly decreased on prolonging the CS exposure up to 18 weeks (p = 0.004) ([Fig. 4](#fig0020){ref-type="fig"}A, B).Fig. 4CS causes aberrant EGFR phosphorylation leading to persistent signaling. (A) Immunoblot of EGFR immunoprecipitate showing the different phosphorylation status of Tyrosine (Y) residues in the cytoplasmic domain of EGFR. (B) Quantitation of phosphorylation of Tyr residues after 8 and 18 weeks of CS exposure. (C) Immunoblot showing binding of c-cbl and ubiquitin to EGFR. (D) Quantitation of c-Cbl and ubiquitin binding to EGFR after 8 and 18 weeks of exposure. CT, white bars: sham control; CS-vitC, black bars: CS-exposed vitamin C-restricted animals; CS + vit C, gray bars: CS-exposed vitamin C-sufficient animals where n = 3, for 8 weeks and n = 4 for 18 weeks of CS exposure. Data represented as mean ± SD of experiments done in triplicate under similar conditions. Data were statistically analyzed by one-way ANOVA and Fischer's t-test. Significant differences (\*P ≤ 0.05, \*\*P ≤ 0.005) were observed in comparison to sham control and vitamin C-sufficient animals.Fig. 4

Phosphorylation of Tyr 1045 acts as the docking site for E3 ubiquitin ligase c-Cbl. This ligase recruits ubiquitin, which results in EGFR ubiquitination and proteasomal degradation \[[@bib0160]\]. Unphosphorylated Tyr 1045 is unable to dock c-Cbl and thereby prevents ubiquitination and degradation of EGFR causing recycling of the receptor leading to persistent MAP kinase signaling and continued proliferation that disrupts homeostasis of the cell leading to cancer \[[@bib0165]\].Immunoblotting of EGFR immunoprecipitates revealed that after 18 weeks of CS exposure, the level of E3 ubiquitin-protein ligase c-Cbl (p \< 0.01) and ubiquitin binding to EGFR (p \< 0.005) were practically absent compared to sham control and vitamin C-sufficient animals ([Fig. 4](#fig0020){ref-type="fig"}C, D). Thus the activated EGFR was neither ubiquitinated nor subsequently degraded due to its inability to bind the E3-ligase, c-Cbl. This allowed EGFR to remain active for a longer period, thereby causing prolonged survival signals

3.4. CS-induced activation of MAPK (erk1/2) and c-Myc: prevention by vitamin C {#sec0090}
------------------------------------------------------------------------------

The Ras/Raf/MAPK (Erk1/2) cascade is one of the major and best studied EGFR downstream pathways, which links extracellular signals to important cellular processes including cell growth, proliferation and cancer \[[@bib0165],[@bib0175]\]. Here we show that compared to sham control and vitamin C-sufficient animals, CS exposure for 8 weeks resulted in significant increase in the GTPase Hras protein level (p \< 0.05) ([Fig. 5](#fig0025){ref-type="fig"}A, B). On prolonging the exposure for 18 weeks, the expression level of GTPase Hras increased further (p \< 0.05) ([Fig. 5](#fig0025){ref-type="fig"}A, B). The active Hras ultimately activates erk1/2 (p44/p42 MAPK) by phosphorylation \[[@bib0175]\]. We also showed that the protein expression level of phosphorylated erk1/2 (p44/p42 MAPK), which increased after 8 weeks CS exposure (p = 0.001), increased further after prolonging the exposure for 18 weeks (p \< 0.05) ([Fig. 5](#fig0025){ref-type="fig"}A, B). Activated MAPK in return is reported to activate various transcription factors including c-Myc that is reported to be overexpressed in a number of tumors \[[@bib0180],[@bib0185]\]. Our results also showed that c-Myc protein expression level increased significantly after 18 weeks of CS exposure (p \< 0.05) ([Fig. 5](#fig0025){ref-type="fig"}A, B).Fig. 5CS-induced HRas, and erk1/2 activation.(A) Immunoblots showing expression of GTPase Hras, erk1/2, p-erk1/2 (phospho-erk1/2) and c-myc. (B) Quantitation of expression of GTPase Hras, erk1/2, p-erk1/2 and c-myc after 8 and 18 weeks of CS exposure. CT, white bars: sham control; CS-vitC, black bars: CS-exposed vitamin C-restricted animals; CS + vit C, gray bars: CS-exposed vitamin C-sufficient animals where n = 3, for 8 weeks and n = 4 for 18 weeks of CS exposure. Data represented as mean ± SD of experiments done in triplicate under similar conditions. Data were statistically analyzed by one-way ANOVA and Fischer's t-test. Significant differences (\*P ≤ 0.05, \*\*P ≤ 0.005) were observed in comparison to sham control and vitamin C-sufficient animals.Fig. 5

3.5. Cell cycle deregulation: prevention by vitamin C {#sec0095}
-----------------------------------------------------

Cyclin D1 expression has been reported to be decreased in several types of invasive urothelial carcinoma \[[@bib0150],[@bib0190]\]. We also observed that cyclin D1 protein expression decreased markedly after CS exposure for 18 weeks (p \< 0.001) ([Fig. 6](#fig0030){ref-type="fig"}A, B), when pT1 developed. Overexpression of cyclin E protein plays important roles in cell cycle deregulation and CRP \[[@bib0195], [@bib0200], [@bib0205]\]. Using both immunoblot ([Fig. 6](#fig0030){ref-type="fig"}A) and immunohistochemistry ([Fig. 6](#fig0030){ref-type="fig"}E) we observed that compared to sham controls and vitamin C-sufficient guinea pigs, the expression cyclin E2 protein increased significantly in CRP after 18 weeks of CS exposure (p \< 0.001). Cyclin E protein overexpression in association with p53 alteration is an important prognostic indicator of tumor aggressiveness \[[@bib0140]\]. We further observed that the expression of p21waf1/cip1, the cyclin-dependent kinase inhibitor and a key mediator of the p53-dependent cell cycle, decreased significantly (p \< 0.05) ([Fig. 6](#fig0030){ref-type="fig"}C, D). Downregulation of p21^waf1/cip1^ causes inactivation of retinoblastoma (pRb) protein through hyperphosphorylation at serine 807/811 resulting in cell cycle progression \[[@bib0145]\]. We also observed marked increase in hyperphosphorylation of pRb at serine 807/811 after 18 weeks of CS exposure (p \< 0.05) ([Fig. 6](#fig0030){ref-type="fig"}C, D). The pRb protein has a central role in restricting the cell cycle progression at the G1/S transition \[[@bib0210]\]. In the early G1 and G0, pRb remains hypophosphorylated and bound with the E2F family of transcription factors and prevents excessive cell growth. As the cells progress into late G1 and early S phase, pRb becomes hyperphosphorylated and dysfunctional. This disrupts its association with E2F family resulting in excessive proliferation \[[@bib0150]\]. The results indicate that exposure to CS causes cell cycle deregulation at the G1/S checkpoint, the most important checkpoint in the mammalian cell cycle.Fig. 6CS-induced cell cycle deregulation (A) Immunoblots showing protein expression of Cyclin D1, Cyclin E2, p21 ^waf1/Cip1^ and hyperphosphorylated Retinoblastoma (pRb) at Ser 807/811. (B) Quantitation of protein expression of cell cycle regulatory proteins after 8 and 18 weeks of CS exposure. (C) Immunohistochemistry of Cyclin E2 protein after 18 weeks of CS exposure at 40X magnification (scale bar = 25 μm). CT, white bars: sham control; CS-vitC, black bars: CS-exposed vitamin C-restricted animals; CS + vit C, gray bars: CS-exposed vitamin C-sufficient animals where n = 3, for 8 weeks and n = 4 for 18 weeks of CS exposure. Data represented as mean ± SD of experiments done in triplicate under similar conditions. Data were statistically analyzed by one-way ANOVA and Fischer's t-test. Significant differences (\*P ≤ 0.05, \*\*P ≤ 0.005) were observed in comparison to sham control and vitamin C-sufficient animals.Fig. 6

Usually CRP is diagnosed at advanced stages when treatment option is radical nephroureterectomy that has high risk of recurrence. According to WHO, chemoprevention of cancer is a basic tenet and the goal of therapeutic intervention. In the case of CS-induced CRP, oxidative damage appears to be the initial event that triggers apoptosis and persistent signaling ultimately leading to advanced cancer. Here, we showed that oral supplementation of vitamin C at a dose of 30 mg/kg body weight/day prevents CS-induced CRP. Possibly vitamin C, a strong antioxidant, holistically prevents CS-induced CRP by attenuating oxidative damage and subsequent pathogeneses. It is reported that vitamin C can prevent cancer through its antioxidant function, possibly by inhibiting oxidative damage \[[@bib0215]\]. Epidemiological and preclinical studies of large doses of vitamin C have been reported to show significant anticancer effects in animal models, tissue culture investigations and clinical trials \[[@bib0040], [@bib0045], [@bib0050], [@bib0055],[@bib0220], [@bib0225], [@bib0230]\]. Also, clinical trial indicates that high doses of vitamin C are well tolerated and safe \[[@bib0225]\].

3.6. Comparisons of tumor observed following CS exposure and p-BQ treatment (invasive vs. noninvasive cancer) {#sec0100}
-------------------------------------------------------------------------------------------------------------

Earlier we had shown that p-BQ in amounts available from CS exposure caused carcinoma in situ (CIS) in the renal pelvis of guinea pigs that was prevented by oral administration of vitamin C (30 mg/kg body weight/day). p-BQ closely mimicked CS for producing oxidative damage, apoptosis, persistent proliferation and cell cycle degradation in the renal pelvis leading to development of CIS \[[@bib0020]\]. However, in contrast to CS-induced CRP (stage pT1), which is an invasive cancer, p-BQ-induced CIS is a noninvasive cancer. A major difference between CS-induced CRP and p-BQ-induced CIS was that cyclin E was overexpressed in CS-induced CRP, There was no such overexpression of cyclin E in p-BQ-induced CIS. Overexpression of cyclin E is known to be a frequent event in a variety of human malignancies, \[[@bib0200],[@bib0205],[@bib0235],[@bib0240]\]. Moreover, it took 24 weeks to produce p-BQ-induced CIS, but CS-induced CRP developed in 18 weeks. CS is a complex mixture of many thousand chemicals \[[@bib0025]\]. It would thus appear that although CS-derived p-BQ is a causative factor for the initiation and progression of CRP, some other chemical(s) present in CS triggers the advancement of smoke-induced CIS to pT1. Further research will be needed to explore the nature of the chemical(s).

4. Conclusions {#sec0105}
==============

Cigarette smoke (CS) exposure produced invasive tumor (pT1) in the renal pelvis of guinea pigs that was prevented by vitamin C (30 mg/guinea pig/day). pT1 usually progresses to more invasive muscularis propria (pT2) and renal parenchyma (pT3). The gold standard treatment of cancer of the renal pelvis (CRP) is radical nephroureterectomy. However, there is a chance of high recurrence rate even after surgery. Obviously, early intervention would constitute a basic tenet of prevention of CRP. Although the best method of prevention of CS-induced CRP is cessation of smoking, it has proven difficult to achieve and yet to be accomplished, particularly in the developing countries. In many respects, CS-exposed guinea pigs have similarities with human smokers \[[@bib0020]\]. Therefore, the results may be applicable to humans. We consider that our preclinical findings, along with intense advice for cessation of smoking, will have mechanistic insights into the use of vitamin C for the prevention of CS-induced CRP in smokers. Our observations might also help scientists and clinicians to devise other effective strategies for early intervention of the disease.
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